Introduction-Pancreatic cancer has the worst survival rate of all cancers. The current standard care for metastatic pancreatic cancer is gemcitabine, however, the success of this treatment is poor and overall survival has not improved for decades. Drug resistance (both intrinsic and acquired) is thought to be a major reason for the limited benefit of most pancreatic cancer therapies.
Introduction
Pancreatic cancer is one of the most difficult human cancers to treat due to the inability to detect disease at an early stage and the lack of effective therapies. Although there has been some progress in the use of improved diagnostic methods and development of novel targeted therapies, the overall survival rate has not improved over the last decade. Pancreatic cancer remains the fourth leading cause of cancer death in the United States, with an annual mortality nearly equivalent to the annual incidence 1-4. Eighty percent of pancreatic adenocarcinomas are unresectable in patients with clinical symptoms 4, 5. Clearly, there is a need to understand more about the molecular mechanisms of pancreatic cancer pathogenesis and to develop effective treatments for pancreatic cancer. Important information can be gained by studying the progressive development of precursor lesions and invasive cancers in animal models of pancreatic cancer. Genomic profile studies, such as serial analysis of gene expression (SAGE), microarray analysis, and DNA sequencing have also been used to identify genes overexpressed in pancreatic cancer and to detect genetic mutations in oncogenes and tumor suppressor genes 6-10. The identification of these overexpressed genes might lead to development of new markers and screening techniques as well as new gene therapy strategies. However, many of these genes are non-specific in pancreatic cancer, and the targeted therapies are ineffective. Therefore, in order to improve diagnosis and therapeutics of pancreatic cancer, it is critical to target genes which are either more specific in pancreatic cancer, or genes which are involved in multiple pathways, and to enhance the efficacy of the current chemo-and radiation therapy for pancreatic cancer.
One of the important features of pancreatic cancer is the high resistance to traditional chemo-and radiation therapy, including both intrinsic (de novo) and acquired (therapyinduced) chemoresistant behaviors of the cancer cells. Patients with pancreatic cancer usually present with locally advanced, unresectable or metastatic diseases. Even for patients with resectable disease, most of them will relapse. Therefore, postoperative chemo-or radiation therapy is still necessary for pancreatic cancer management although there is argument that preoperative therapy (neoadjuvant treatment) works better than the postoperative therapy, and other people think chemo-and radiation therapy is not necessary at all.
The most commonly used chemotherapy for pancreatic cancer, gemcitabine, has modest clinical benefit and may not improve overall survival to a clinically meaningful degree. The lack of significant clinical response of pancreatic cancer patients to chemotherapy is likely due to the inherent chemoresistance of pancreatic cancer cells as well as impaired drug delivery pathways. Understanding the underlying mechanisms of drug resistance in pancreatic cancer is critical to develop new effective treatments for this deadly disease.
Previous studies have indicated various mechanisms of drug resistance in pancreatic cancer, including changes in individual genes or signaling pathways, the influence of the tumor microenvironment, and the presence of highly resistant stem cells. This review summarizes recent advances in the mechanisms of drug resistance in pancreatic cancer and potential strategies to overcome drug resistance.
Pancreatic cancer is highly resistant to chemotherapy drugs
Gemcitabine was approved by FDA in 1997 as the first-line chemotherapy drug for patients with locally advanced or metastatic pancreatic adenocarcinoma. Initially 126 patients were enrolled in this randomized phase III clinical trial 11, the gemcitabine group showed better clinical outcomes with increased median survival compared with the 5-fluorouracil (5-FU) group. Clinical benefit response was 23.8% of gemcitabine-treated patients compared with only 4.8% of 5-FU-treated patients (P=0.0022). The median survival durations were 5.65 and 4.41 months for gemcitabine-treated and 5-FU-treated patients, respectively (P=0.0025).
The survival rate at one year was 18% for gemcitabine patients and 2% for 5-FU patients 11. Over the past decades many efforts have been made to improve the clinical efficacy of chemotherapy. Up to date, gemcitabine still remains the standard treatment for pancreatic cancer patients. Combinational trials with gemcitabine have been reported which include cytotoxic agents (5-FU, cisplatin, oxaliplatin, and capecitabine) 12-15, and biological agents (erlotinib, Cetuximab, and bevacizumab) [16] [17] [18] . Some of those trials demonstrated higher clinical benefits and relatively longer survival; however none of those combination regimens have proven to be significantly more effective than gemcitabine alone as the first-line therapy. The overall survival rate remains unchanged. Impaired drug delivery pathways have been shown to be another reason for the drug resistance in pancreatic cancer 19. It is believed that within pancreatic tumors there are solid tumor masses which lack adequate vasculature with intensive desmoplastic reaction 20. Therefore it is difficult for any drug to penetrate the stroma area and reach the inside of the solid tumors. It is also suggested that chemotherapy can further activate the drug resistant pathway in pancreatic cancer.
Understanding the mechanisms of drug resistance in pancreatic cancer
Previous studies have suggested a variety of mechanisms of drug resistance in pancreatic cancer, including aberrant gene expression, mutations, deregulation of key signaling pathways (such as NF-κB, Akt, and apoptosis pathways), epithelial-mesenchymal transition (EMT) and the presence of stroma cells, highly resistant cells and stem cells. Each of those mechanisms contributes to drug resistance in pancreatic cancer from different aspects, and suggests different therapeutic targets ( Figure 1 ).
Aberrant Gene expression
Genetic and/or epigenetic alterations have been associated with gemcitabine resistance in pancreatic cancer. Multidrug resistance (MDR) causes resistance to many therapeutic agents, and leads to ineffectiveness in chemotherapeutic management of pancreatic cancer 21. The MDR phenotype is often attributed to the overexpression of certain drug efflux pumps, which leads to decreased intracellular drug accumulation. Members of the ATPbinding cassette (ABC) transporter superfamily have been shown to be key mediators of drug efflux and multidrug resistance in many types of tumors 22-24. ABC transporters are thought to operate as hydrophibic vacuum cleaners by expelling non-polar compounds from the plasma membrane using energy released from ATP hydrolysis 25. To date, 49 human ABC transporters have been identified and categorized into seven subfamilies 26. In particular, the ABC-B, -C, and -G subfamilies have been shown to be significant contributors to multidrug resistance in tumor cell lines 23, 27. P-glycoprotein is one of the best characterized ABC transporters. Overexpression of P-glycoprotein is associated with poor prognosis of many human cancers, and contributes to drug resistance 21. Other ABC transporters, such as MRP1 (ABCC1), MRP3 (ABCC3), MRP4 (ABCC4), and MRP5 (ABCC5), have been implicated in drug resistance in pancreatic tumors 28, 29 and been shown to confer resistance to pancreatic cell lines against common chemotherapeutic drugs including gemcitabine 30 and 5-fluorouracil 31. Due to the key roles played by ABC transporters in multidrug resistance, inhibitors of ABC transporters may lead to enhanced efficacy of chemotherapeutic strategies targeting pancreatic cancer. The intracellular uptake of gemcitabine is dependent on nucleoside transporters, such as human equilibrate nucleoside transporter-1 (hENT1) 32. In vitro studies have shown that decrease in hENT1 expression leads to limited intracellular uptake of gemcitabine 33.
Many enzymes are involved in the metabolism of gemcitabine, or are targets for the different metabolites of gemcitabine. Therefore, any changes in enzyme activity can also influence the sensitivity to gemcitabine 34. For example, deoxycytidine kinase (DCK) and ribonucleoside reductases M1 and M2 have been shown to correlate with gemcitabine resistance 35. Copper transporter 1 (hCTR1), which controls cisplatin accumulation in mammalian cells, is key to cisplatin drug resistance 36. Aberrant expression of genes associated with cellular survival and apoptosis, such as the S100 family member S100A4, survivin, plk1, snail, and SphK1 is thought to be important in drug resistance; increased expression and activation of c-Src and c-Met have also been implicated in gemcitabine resistance in pancreatic cancer ( Fig. 1.) 35, 37-41.
Genetic Mutations
Drug resistance in many cancers has been attributed to genetic mutations in key genes. It has been shown that BRCA1-or BRCA2-deficient cells are very sensitive to DNA cross-linking agents, and tumors holding BRCA1 and BRCA2 mutations show enhanced sensitivity to carboplatin 42. Recent studies have indicated that BRCA1 or BRCA2 deficiency sensitizes cells to the treatment of inhibitors of the enzyme poly(ADP-ribose) polymerase (PARP), such as KU0058948 43, 44 . Based on the importance of those two genes in cancers, the synthetic lethality therapy holds great promise, in which targeting one key gene in a cancer where the other one is defective is selectively lethal to the tumor cells but less toxic to the normal cells. However, this sensitivity can be reversed by mutations, and resistance to PARP inhibition can be acquired by deletion of a mutation in BRCA2 gene as shown in pancreatic cancer cells Capan-1 45. This gain-of-function mutation in BRCA2 gene might represent a new mechanism for drug resistance in pancreatic cancer and other cancers. A similar mechanism was also seen for carboplatin resistance in ovarian cancer in which BRCA2 gene was mutated 46.
Deregulations of key signaling pathways
In addition to aberrant gene expressions, activation or inhibition of transcription factors and key signaling pathways also contribute to drug resistance. Many signal pathways have been indicated to be involved in drug resistance in pancreatic cancer, such as nuclear factor κB (NF-κB), Akt and Notch pathways. Resistance to chemotherapy in pancreatic cancer is largely associated with constitutively activated NF-κB, which is further activated by chemotherapeutic drugs and gamma irradiation.
NF-κB is a key nuclear transcription factor that is crucial for the regulation of apoptosis, inflammation, tumorigenesis and various autoimmune diseases by regulating expression of a large number of genes 47. A recent study found that 3,3-diindolylmethane (DIM), a natural compound from cruciferous vegetables, potentiates the killing of pancreatic cancer cells in vivo and in vitro by downregulation of constitutive as well as drug-induced activation of NF-κB and its downstream target genes such as survivin, Bcl-xL, XIAP and cIAP. In an orthotopic animal model, tumor size was significantly reduced when DIM was given in combination with oxaliplatin compared with the monotherapy. Further analysis indicated that DIM treatment caused loss of phospho-p65 and downregulation of NF-κB activity and its downstream genes in those tumors. These results suggest that DIM could abrogate chemotherapeutic drug (cisplatin, gemcitabine, and/or oxaliplatin)-induced activation of NF-κB, resulting in the chemosensitization of pancreatic tumors to conventional therapies 48, 49.
Alterations of the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway in human cancers have been found and are thought to be mediators of chemoresistance to gemcitabine inpancreatic cancer 32, 35, 50-52. Ng et al showed increased gemcitabine-induced apoptosis in PK1 and PK8 human pancreatic cancer cells after treatment with wortmannin and LY294002, which inhibit the PI3K-protein kinase B (PKB)/Akt cell survival pathway, suggesting therapeutic potentials of PI3K inhibitors in increasing chemosensitivity to gemcitabine in pancreatic cancer 51. Recently Liau et al reported that Akt was a key downstream target of HMGA1-dependent signaling in pancreatic cancer and they have demonstrated that HMGA1 promoted chemoresistance to gemcitabine through an Aktdependent mechanism in a nude mouse orthotopic xenograft model 50. These findings suggested that targeted suppression or inactivation of HMGA1 could be a potential therapeutic strategy for reversing drug resistance to gemcitabine in pancreatic cancer.
EMT and Chemoresistance
Epithelial-mesenchymal transition (EMT) has been implicated as a potential mechanisms for drug resistance. Pancreatic cancer cells with a mesenchymal phenotype are usually gemcitabine-resistant. Ellenrieder et al demonstrated that EMT induced by TGF-β1 contributes to pancreatic cancer cell scattering, migration, and invasion in TGF-β1 responsive pancreatic cancer cells (Panc-1, Colo-357, and IMIM-PC1) 53. The molecular mechanisms of EMT and cancer progression/chemoresistance are not fully understood.
Recent studies have shown that many signaling pathways including the Wnt, TGF-β, Hedgehog, Notch, and NF-κB signaling pathways were critical for EMT induction 54-58. Notch signaling pathway is thought to play a major role in the acquisition of EMT and cancer stem-like cell phenotype. The Notch signaling pathway is activated in pancreatic cancer precursors and advanced tumors. It is required for the expansion of undifferentiated pancreatic progenitor cells during embryonic development and has been implicated in the progression of pancreatic cancer 59. Wang et al 54 showed that Notch-2 and its ligand, Jagged-1, were highly upregulated in gemcitabine-resistant pancreatic cancer cells and the downregulation of Notch signaling was associated with decreased invasion of gemcitabineresistant cells. Furthermore, blocking of Notch signaling by siRNA led to partial reversal of the EMT phenotype, resulting in the mesenchymal-epithelial transition, which was associated with decreased expression of vimentin, ZEB1, Snail, Slug, and NF-κB. These results suggest that blocking of Notch signaling could be a potential targeted therapy for overcoming chemoresistance of pancreatic cancer 54.
Hypoxia and stroma cells
One of the unique features of pancreatic cancer is the presence of dense desmoplastic stroma, which is not found in other distal metastatic tumors. The existence of extensive desmoplastic stroma and the hypoxic microenvironment have been reported to play a critical role in pancreatic cancer progression, and significantly affect the penetration and delivery of chemotherapeutic drugs. Recent studies have shown that fibroblasts, which are now recognized as activated pancreatic stellate cells (PSCs) 60, play an important role in the generation of the desmoplastic stroma in pancreatic cancer and affect biological properties of pancreatic cancer cells 61, 62. Hwang et al showed that PSC-conditioned medium increased pancreatic cancer cell proliferation, migration, invasion, and colony formation in a dose-dependent manner, and gemcitabine and radiation therapy were less effective in cancer cells treated with PSC-conditioned medium 61. The in vivo study indicated that PSCs enhanced tumor growth and metastasis. These results provide strong evidence that stromal fibroblasts produce secreted factors to promote pancreatic tumor progression and impair response to chemo-and radiation therapy.
Another mechanism by which the tumor-associated stroma in pancreatic cancer could impair response to chemotherapy is by acting as a barrier to drug delivery. Olive et al demonstrated that depletion of pancreatic tumor stroma by inhibition of the Hedgehog signaling pathway stimulated angiogenesis and consequently augmented the delivery and efficacy of gemcitabine in a genetically-engineered mouse model 63. These results suggest that impaired drug delivery by stroma and hypoxia may be another reason for chemoresistance in pancreatic cancer 63.
Cancer stem cells
The presence of cancer stem cells (CSCs) may also contribute to pancreatic cancer's resistance to chemotherapy and the high recurrence rate after clinical remission 64, 65. Li et al first reported the identification of human pancreatic cancer stem cells, which is defined by the expression of cell surface markers CD44+CD24+epithelial specific antigen (ESA)+. Cells expressing these markers were highly tumorigenic and had the ability to both selfrenew and produce differentiated progeny, resembling the patient's primary tumors 66. The developmental signaling molecules sonic hedgehog and Bmi-1 were found to be upregulated in pancreatic cancer stem cells. Recently, CD133 was also identified on the surface of fast proliferative primary pancreatic cancers and pancreatic cancer cell lines 67, and has been previously used to identify a cancer stem cell population in brain and colon cancers 68, 69, indicating that CD133 is a another potential marker for pancreatic cancer stem cells. Recent studies also suggest that Aldehyde Dehydrogenase (ALDH) activity is another marker for pancreatic cancer stem cell population 70, 71. Discovery of a more specific and complete set of cell surface markers may help to further characterize pancreatic cancer stem cells, and develop effective treatments targeting pancreatic cancer stem cells.
Shah et al have observed that gemcitabine-resistant pancreatic cancer cells have increased expression of stem cell markers CD24, CD44 and ESA 57. They also showed that the resistant cancer cells possessed the morphologic and biochemical properties of EMT. They further demonstrated a link between c-Met activation, gemcitabine resistance, tumor aggressiveness, cancer stem cells, and EMT. In addition, it has been shown that treatment with ionizing radiation and gemcitabine results in the enrichment of the CD44+CD24+ESA + cell population in human primary pancreatic cancer xenografts 64, 65. However, although recent studies have shown Wnt/β-catenin and Notch signaling may be implicated in the chemoresistance and radioresistance, the exact mechanisms involved in the resistance of pancreatic cancer stem cells to conventional chemotherapy and radiation therapy, and the contribution of developmental pathways to the drug resistance, remains unclear 65. How to specifically inhibit pancreatic cancer stem cells to overcome drug resistance of pancreatic cancer warrants further investigation. This is a challenging area of research, but successfully eradicating pancreatic cancer stem cells will have a significant clinical impact, and will definitely benefit patients with pancreatic cancer.
Strategies to overcome drug resistance in pancreatic cancer
Based on the understanding of the drug resistance mechanisms in pancreatic cancer, many studies have been done to develop effective therapies targeting those aberrantly expressed genes, signaling pathways, and microenvironment, which contribute to drug resistance in pancreatic cancer. In combination with standard chemotherapy, those new therapeutic efforts may overcome drug resistance and enhance the efficacy of therapy compared with single agent treatment for pancreatic cancer.
Targets for inhibiting drug resistance
MDR proteins (MRP1, MRP3, MRP4, MRP5 and P-glycoprotein) are well known drug resistance proteins, and are highly expressed in pancreatic cancer cells. Reversin 121 (R121), a hydrophobic peptide, which binds to purified MDR proteins with high affinity inhibiting substrate extrusion, can sensitize the cells to chemotherapy drugs. Katrin et al demonstrated that R121 restored chemosensitivity and reduced proliferative behavior of pancreatic cancer cells in vitro. In vivo treatment using chemotherapy drugs 5-fluorouracil, gemcitabine and cisplatin in combination with R121 reduced peritoneal, hepatic and pulmonary metastatic spread compared with any of the individual chemotherapeutic drugs alone according to several case reports of pancreatic cancer patients 72, indicating the therapeutic potential of blocking MDR proteins in decreasing drug resistance in pancreatic cancer treatment.
Activation of NF-κB has been shown to induce pancreatic cancer cell proliferation, invasion, angiogenesis, metastasis, and drug resistance. Therefore, specific inhibitors of NF-κB and other molecular therapies targeting NF-κB pathway may provide potent anti-cancer treatment. Many chemopreventive agents, including curcumin, resveratrol, emodin, green tea polyphenols, silymarin, β-lapachone, caffeic acid phenethyl ester, and sulindac are known to suppress the activation of NF-κB and NF-κB-regulated gene expression 49. Most recently Banerjee et al demonstrated that 3,3′-diindolylmethane (DIM), a natural plantderived product, could induce cell growth inhibition and apoptosis by suppressing NF-κB and its downstream genes, and abrogate chemotherapeutic drug (cisplatin, gemcitabine, and oxaliplatin)-induced activation of NF-κB in an orthotopic animal model, resulting in the reversal of chemoresistance in pancreatic cancer 48.
In addition to natural compounds that inhibit NF-kB which may also inhibit off-target molecules, specific targeting of NF-kB using siRNA can improve response to gemcitabine. Pan et al demonstrated that siRNA-mediated inhibition of p65/relA induced apoptosis and increased gemcitabine killing of gemcitabine-sensitive pancreatic cancer cells such as BxPC-3 cells 73. Silencing of p65/relA was found to be effective alone and in combination with gemcitabine in gemcitabine-sensitive but not gemcitabine-resistant pancreatic cancer cells (such as Panc-1 and MIA PaCa-2 cells). Thus, NF-κB may be a useful therapeutic target for a subset of pancreatic cancers. Those studies not only suggest that blocking NF-κB pathway can decrease drug resistance, but also indicate the heterogeneity of pancreatic cancer. Targeting one single molecule or pathway may not be enough to overcome the drug resistance in pancreatic cancer. Combination therapy targeting multiple pathways may have better efficacy in pancreatic cancer treatment.
The PI3K/Akt signaling pathway is frequently deregulated in pancreatic cancers 74, 75 and is activated in pancreatic cancer in response to chemotherapy. Thus, Akt is another attractive therapeutic target as it is only transiently activated in normal cells, but is constitutively activated in cancer cells. Fahy and colleagues examined the effect of Akt inhibition in sensitizing human pancreatic cancer cell lines, MIA PaCa-2, Panc-1 and BxPC-3 cells. They found that only MIA PaCa-2 cells, which had high level of Akt activity, demonstrated increased apoptosis after Akt inhibition in combination with gemcitabine, while Panc-1 or BxPC-3 cells, which had lower levels of basal Akt activity, did not show significantly increased apoptosis with Akt inhibition 74. These results suggest that high basal Akt activity is required for this targeted therapy.
Notch signaling has been demonstrated as an important mediator in TGFα-induced changes in epithelial differentiation during pancreatic tumorigenesis 76. The interaction of Notch ligands with their receptors promotes a γ-secretase-dependent cleavage of the Notch receptor and release of the Notch intracellular domain 59. Plentz et al tested the efficacy of a γ-secretase inhibitor (GSI), which blocks the Notch signaling, in pancreatic cancer cell lines and a genetically engineered mouse model of pancreatic cancer 59. Their results indicate that targeting Notch pathway offers therapeutic benefit in pancreatic cancer treatment. Wang and colleagues also demonstrated that downregulation of Notch signaling was associated with decreased invasion of gemcitabine-resistant cells and led to partial reversal of the EMT phenotype 54. These findings present strong in vitro and in vivo evidence for a novel strategy targeting Notch signaling pathway in pancreatic cancer therapy.
EMT is a critical process in pancreatic cancer progression, and has a wide connection with many other drug-resistance mechanisms: (a) aberrant gene expression, such as PI3K, snail, Zeb1, and TGF-β; (b) deregulated signaling pathways including the PI3K/Akt, Notch, and NF-κB signaling pathways; (c) cancer stem-like cells; and (d) hypoxia environment. EMT is thought to be one of the major causes of the formation of the dense desmoplastic microenvironment with low density of vasculature, which makes it very difficult for any chemotherapy drugs to penetrate. Targeting EMT-related pathways is likely to generate more favorable clinical outcomes in pancreatic cancer therapy. In a recent study, Li et al compared the expression of microRNAs (miRNAs) between gemcitabine-sensitive and gemcitabine-resistant pancreatic cancer cells and found that the expression of miR-200b, miR-200c, let-7b, let-7c, let-7d, and let-7e was significantly downregulated in gemcitabineresistant cells, which showed EMT characteristics with decreased expression of epithelial marker E-cadherin, and increased expression of mesenchymal markers such as vimentin and ZEB1. Overexpression of miR-200 by transfection or treatment of gemcitabine-resistant cells with either DIM or isoflavone resulted in the downregulation of ZEB1, slug, and vimentin, which was consistent with morphologic reversal of EMT phenotype. These results indicate the importance of the EMT pathway in pancreatic cancer development, and suggest new therapeutic strategies using DIM and isoflavone, and possible involvement of microRNAs in the regulation of EMT phenotype in pancreatic cancer 77.
Targeting the sphingolipid metabolism for improving tumor chemosensitivity has recently emerged as a promising strategy. Sphingosine kinase-1 (SphK1), a tumor-associated protein overexpressed in many cancers, favors survival through sphingosine-1-phosphate (S1P) production, and inhibitors of SphK1 are used in ongoing clinical trials to sensitize epithelial ovarian and prostate cancer cells to various chemotherapeutic drugs. The cellular ceramide/ S1P ratio is a critical biosensor for predicting pancreatic cancer cell sensitivity to gemcitabine. A low level of the ceramide/S1P ratio, associated with a high SphK1 activity, correlates with a robust intrinsic pancreatic cancer cell chemoresistance toward gemcitabine. Strikingly, increasing the ceramide/S1P ratio by using pharmacologic (SphK1 inhibitor or ceramide analogue) or small interfering RNA-based approaches to up-regulate intracellular ceramide levels or reduce SphK1 activity sensitized pancreatic cancer cells to gemcitabine. Conversely, decreasing the ceramide/S1P ratio by upregulating SphK1 activity promoted gemcitabine resistance in these cells. Development of novel pharmacologic strategies targeting sphingolipid metabolism might therefore represent an interesting approach, when combined with gemcitabine, to defeat pancreatic cancer chemoresistance to this drug. 39
Survivin is known to play an important role in resistance to radiation and chemotherapy in pancreatic cancer and targeting survivin could be a new therapeutic strategy. Liu et al showed that silencing of survivin expression with siRNA caused spontaneous apoptosis in human pancreatic cancer cell lines. Furthermore, the decrease of survivin can enhance the chemosensitivity of pancreatic cancer cells to gemcitabine 40. The level of Plk-1 protein was also found to be correlated with gemcitabine resistance, and overexpression of Plk-1 reduced sensitivity to gemcitabine in tumor cells. Yu et al transfected pancreatic cancer cells with Plk-1 siRNA and they found that downregulation of Plk-1 caused cell cycle arrest at G2/M phase, enhanced the chemosensitivity to gemcitabine, and dramatically decreased cell viability and increased cellular apoptosis 37.
Other strategies in overcoming drug resistance in pancreatic cancer
As discussed above, hypoxia within pancreatic cancer due to insufficient vascularization, and the presence of stroma cells confer further resistance to both chemotherapy and radiotherapy. Thus, strategies to improve the sensitivity of chemotherapy should include anti-hypoxia and anti-stroma cells, and should increase the local concentration of chemotherapy drugs. Many studies have demonstrated promising results of intra-arterial chemotherapy via the femoral artery under digital subtraction angiography with the tip inserted directly into the hepatic artery and the superior mesenteric artery for pancreatic cancer treatment 78, 79. Intra-arterial chemotherapy may lead to higher drug concentration in the pancreas compared to systemic chemotherapy, and could improve the therapeutic effect. In a recent study, Olive et al used IPI-926, a drug that depletes tumor-associated stromal tissue by inhibition of the Hedgehog signaling pathway, to test whether the delivery and efficacy of gemcitabine could be improved in a mouse model 63. This new therapy produced a transient increase in intratumoral vascular density and intratumoral concentration of gemcitabine, and led to transient stabilization of this disease, suggesting that impaired drug delivery may be an important contributor to drug resistance in pancreatic cancer. Eradiation of stem cells is another strategy to consider in order to improve pancreatic cancer treatment. Many obstacles still exist for this strategy including identifying more accurate surface markers for cancer stem cells, and developing more specific methods to eradicate cancer stem cells. It is likely that the combinational therapy that targets both the pancreatic cancer stem cells and the differentiated bulk population of pancreatic cancer cells will be most potent in treating pancreatic cancer patients by reducing tumor mass and preventing relapse 64.
Clinical Information
Continuous efforts have been made to overcome drug resistance in clinical trials although most of them failed. Gemcitabine and other chemotherapy drugs such as Oxaliplatin have been used in combination with small molecule inhibitors, dominant negative constructs, gene therapy, and monoclonal antibodies, etc. In a phase II trial, Reni and colleagues demonstrated the potential to treat gemcitabine-resistant metastatic pancreatic cancer using a combination treatment of Raltitrexid, a thymidylate synthase inhibitor that polyaglutamates in the cell to extend intracellular retention, and Oxaliplatin, a platinum analogue that forms interstrand DNA adducts capable of overcoming resistance mechanisms 80. Another trial showed that oxaliplatin in combination with gemcitabine is a well-tolerated treatment that may provide a benefit to patients with advanced gemcitabine-refractory pancreatic cancer 81. Chawla et al recently showed in a phase I/II trial that Rexin-G, a nonreplicative-targeted retroviral gene therapy vector bearing a cytocidal dominant negative cyclin G1 construct, is safe, well-tolerated, and may help control tumor growth and prolong survival in gemcitabine-resistant pancreatic cancer patients 82. An ongoing phase II study (NCT00408564) is studying whether the monoclonal antibody cetuximab will help overcome drug resistance by giving cetuximab together with chemotherapeutic agents gemcitabine, capecitabine, and oxaliplatin followed by surgery or external beam radiation therapy to patients with locally advanced, non-metastatic pancreatic cancer. CO-1.01, a newly developed gemcitabine derivative, works independently of the intracellular uptake protein hENT1 and may benefit patients with low hENT1 expression who failed to respond to gemcitabine. A phase II study (NCT01233375) is currently recruiting participants to determine the safety and efficacy of CO-1.01 as an alternative to gemcitabine that is unaffected by hENT1 chemosensitivity. Targeting pancreatic cancer stem cells is a viable and potent approach to overcome drug resistance. A multicenter phase II study (NCT01088815) is testing the efficacy of the hedgehog signaling pathway inhibitor GDC-0449 in metastatic pancreatic cancer, and a pilot study (NCT01195415) is testing the same drug with a specific focus on its ability to target the hedgehog pathway in pancreatic cancer stem cells in combination with gemcitabine treatment. A phase I/II trial (NCT01098344) targeting the Notch pathway using the Notch inhibitor MK-0752 in patients with stage IV pancreatic cancer is also currently recruiting. The new therapies currently being developed such those we discussed earlier, including inhibiting aberrant gene expression, deregulated signal transduction pathways, and tumor microenvironment and cancer stem cells may provide new hope for overcoming drug resistance in pancreatic cancer.
Summary
Over a 30-year period, there were minor changes in the stage at diagnosis, resection for cure and prognosis of pancreatic cancers, although there were some improvements in the diagnostic modalities. Pancreatic cancer still represents a major challenge and is the most deadly cancer 83. Drug resistance is a key factor that limits the choice of therapies and significantly decreases the efficacy of any chemotherapy drugs for pancreatic cancer. New breakthroughs to overcome chemoresistance will improve the clinical outcomes of pancreatic cancer. Many mechanisms contribute to drug resistance in pancreatic cancer including aberrant gene expression, deregulated signaling pathways, hypoxia, tumor microenvironment, and the presence of cancer stem cells. Understanding those mechanisms will help to develop specific strategies in overcoming drug resistance and improve the efficacy of pancreatic cancer treatment.
Expert Opinion
For many years, drug resistance (intrinsic and acquired) has been a major problem for pancreatic cancer treatment. Although new drugs and therapeutic strategies have been constantly developed, most of them are ineffective in clinical trials because of the poor penetration of those drugs into the pancreas, and the unresponsiveness of pancreatic tumors to the drugs, which is largely due to the drug resistance property of pancreatic cancer. How to increase drug delivery efficiency and decrease drug resistance becomes the priority in pancreatic cancer treatment, and will also benefit the treatment of other cancers and other diseases. Understanding the molecular and cellular basis of drug resistance in pancreatic cancer will lead to development of novel therapeutic strategies which have potential to increase the efficacy of current treatments of a wide variety of human cancers with drug resistance characteristics.
To date there are a great number of candidate genes and pathways identified for drug resistance in pancreatic cancer, which will serve as potential therapeutic targets. However, many of them are not specific in pancreatic cancer, and the clinical impact of those targets is questionable. In the next decade, continued efforts are needed to find more specific and potent targeted therapies to overcome the drug resistance in pancreatic cancer. It is critical that the drug-resistance gene signature should be established in the future, which will be used to develop new therapies that can combine the anti-drug resistance with conventional therapy in pancreatic cancer. Patients can then be grouped based on their gene profiling and receive personalized medicine. Such a program requires both a strong basic science research effort on targeted genes as well as an efficient delivery system. In pancreatic cancer, quite a few molecules have been identified as potential therapeutic markers, such as CEACAM-1, CEACAM-6, S100P, ataxia-telangiectasia group D complementing gene (ATDC), PDX-1, mesothelin, and ZIP4 84-92. Our recent studies indicate that ZIP4 is overexpressed in human pancreatic cancer cells and tumor tissues, and silencing of ZIP4 caused decreased pancreatic cancer growth and increased survival rate in a mouse model, suggesting that ZIP4 is a novel therapeutic target in pancreatic cancer 88, 93. Blocking the expression and activity of one or more above mentioned molecules may not only inhibit pancreatic cancer growth, but also further sensitize pancreatic cancer cells to chemotherapy drugs. Developing efficient targeted drug delivery system is also important in pancreatic cancer treatment. Using liposomes, nanoparticles, or carbon nanotubes to deliver chemotherapy drugs or other therapeutic agents has been a success in recent preclinical trials. Conjugation with ligand or antibody for targeted delivery may further increase the efficacy of the delivery to reach the designated organs, such as pancreas 94.
In addition to identifying new targets and better delivery systems, finding novel cytotoxic agents and complimentary treatment can also improve the reversal of drug resistance in pancreatic cancer. Angelova et al recently combined gemcitabine and oncolytic virus (H-1PV) treatment in a pancreatic cancer model. The in vitro results indicated that the combination therapy showed synergistic cytotoxic effects in drug-resistant cells which are sensitive to virus infection 95. In another study, Kindler et al treated patients with advanced pancreatic cancer after gemcitabine therapy with arsenic trioxide, which has cytotoxic antiproliferative effects in tumor cells, in a multicenter phase II clinical trial 96. Despite the promising results in vitro, the arsenic trioxide has no activity in pancreatic cancer patients. Clearly, the discovery of novel potent therapeutic agents is urgently needed. New formulation of drugs is also important for anti-drug resistance. Graeser et al synthesized liposomal gemcitabine (GemLip) and compared the efficacy of Gemlip with gemcitabine in vivo. GemLip is an effective new formulation of gemcitabine, which showed targeting, protective features and antitumor effects 97. Therefore, control-released drugs and novel therapeutic agents carrying special molecular targets represent a new therapeutic strategy to overcome the drug resistance in pancreatic cancer.
Article highlight box:
• Pancreatic cancer has the worst survival rate of all cancers. The current standard care for metastatic pancreatic cancer is gemcitabine, however, the success of this treatment is poor, and overall survival has not improved for decades.
• Drug resistance (both intrinsic and acquired) is thought to be a major reason for the limited benefit of most pancreatic cancer therapies.
• Mechanisms of drug resistance in pancreatic cancer include aberrant gene expression, mutations, deregulation of key signaling pathways, epithelialmesenchymal transition (EMT) and the presence of stroma cells, highly resistant cells and stem cells.
• Understanding the molecular and cellular basis of drug resistance in pancreatic cancer will lead to the development of novel therapeutic strategies which have potential to sensitize pancreatic cancer to chemotherapy, and increase the efficacy of current treatments in pancreatic cancer.
Figure 1. Drug resistance pathways in pancreatic cancer
Drug resistance in pancreatic cancer is caused by various mechanisms including aberrant gene expression, mutations, deregulation of key signaling pathways (such as NF-κB, Notch, Akt, and apoptosis pathways), epithelial-mesenchymal transition (EMT) and the presence of highly resistant cells and stem cells. Each of those mechanisms contributes to drug resistance in pancreatic cancer from different aspects, and suggests different therapeutic targets. A few representative drug resistance pathways such as NF-κB, Notch, Akt, and apoptosis pathways are shown.
